This paper presents an analysis of the dynamic pressures imposed on the marine riser and diverter line during the gas removal from a riser-diverter system.
This
analysis makes use of a numerical simulator, detailed in this study, that models the pressure and flow rate behavior in the riser-diverter system. The simulator is based on the numerical solution of a system of flow equations for a two-phase mixture moving upward in the riser-drill pipe annulus. The model accounts for the acceleration of the drilling fluid flowing ahead the two phase mixture and the sonic flow at the diverter line exit.
In this paper, the approach of circulating a fluid through the lower portion of the marine riser to displace the gas up and inside the riser and diverter system is extensively investigated.
Through a sensitivity analysis, the effects of pertinent parameters especially the circulation rate -on the pressures generated inside the riser-diverter system during the gas removal process are discussed. Non circulation situations are also studied. INTRODUCTION The need for new hydrocarbon reserves has been motivating the oil industry to drill in very deep waters.
In such circumstances, the use of floating rigs is required so that the blowout preventers are located at the seabed with a marine riser linking them to the vessel. A typical equipment configuration of the deepwater drilling is shown in Figure 1 .
If a gas kick is taken in a deepwater drilling operation, the recommended action is to close the BOP rams inunediately. This procedure is sustained by several field case accidents and by theoretical studies reported in the literature. In one of these studiesl, it was shown that if the gas is allowed to flow in an uncontrolled manner through the diverter line, the generated pressures can lead to equipment failure in two different moments.
As illustrated in Figure 2 , in the beginning of the riser unloading process, high pressures (420 psi) are encountered which may cause dangerous gas leak at the diverter. Later on, the riser internal pressure drops dramatically to 150 psi. This low internal pressure may cause collapse of the lowest joints of the marine riser.
Even following the appropriate practice of closing the BOP, some formation gas may enter the marine riser. This can happen due to delay in closing the BOP after kick detection or due to the gas trapped in the subsea stack and released to the riser, after a successful gas kick removal from the wellbore. In both cases, the gas rises and, as it expands, a large amount of drilling fluid The main scope of this study is to predict and analyze the pressure behavior during the gas kick removal from the marine riser using a dynamic computer model that reflects more realistically the phenomenon. Figure 3 shows the situation that might occur following. the subsea stack closure. If the rig is equipped with a boost line, the mud can be pumped through it to circulate the gas out of the riser diverter system. The prediction of the pressures generated inside the system during this circulation is the main objective of the computer model.
ASSUMPTIONS AND MODEL EQUATIONS
To facilitate the elaboration of this numerical simulator, the calculation procedure has been broken down into two submodels: a) the riser submodel for the upward vertical flow through the riser drill string annulus and b) the diverter submodel for the horizontal flow inside the diverter line.
Riser Submodel
Initially, the riser submodel deals with a two-phase gas-mud mixture that flows upward displacing the unmixed mud out of the riser-diverter system. After the gas reaches the diverter, only a two phase mixture is considered by the model.
To assist in the development of the riser submodel, the following assumptions and considerations have been made: a) the drilling fluid is incompressible and follows the power law rheological model; b) the temperature is known and constant over the riser length; c) the gas solubility in the mud is negligible; d) the initial gas volume and gas concentration distribution in the riser is user specified; e) the two-phase mixture accounts for liquid hold-up, gas concentration distribution and two-phase flow friction factor; and f) the acceleration pressure drop of the unmixed liquid flowing ahead the two-phase mixture is considered.
For the two-phase region, the pressures are found by solving a system of five nonlinear equations that represents the unsteady state flow of a two-phase mixture. The simulator makes use of the Eulerian approach for solving the system of equations. That approach consists in dividing the marine riser into fixed cells of equal lengths and in calculating the dependent flow variables (gas and liquid velocities, gas density, pressure and the liquid hold-up) at cell boundaries. The independent variables are the displacement time and position along the flow path. The five governing equations are as follows:
2) Gas Material Balance Equation
3) Momentum Balance Equation In the above equations, the frictional pressure gradient (Gfri) is calculate~ using the Beggs and Brill correlation that includes a two-phase flow friction factor. The hydrostatic pressure gradient (Ghyd) is calculated by:
The constant C is assumed to be equal to 1 and accounts for the velocity profile of the liquid. The mixture velocity (vm) is defined as:
The gas slip velocity is a function of the two-phase flow regime. 10) where R is the ratio of the inner to outer diameters.
For annular flow (H < 0.10), the gas slip velocity is zero. Transition zones between these flow regimes were introduced to avoid numerical discontinuity in the solution. The slip velocities in these zones are calculated through linear interpolation.
The system of equations is solved at every cell boundary, from the bottom of the riser up to the interface between the mixture and the unmixed mud, to determine the flow variables, especially the pressure.
The unmixed mud flowing ahead the two-:-phase region is modelled by the expression: ( 11) where the frictional pressure gradient (Gfril is calculated using the power law rheological models. After the gas reaches the surface, only the two-phase mixture flows inside the diverter line and two conditions are possible at the diverter exit: a) during a short period, critical or sonic flow condition may take place at that location. This implies that the pressure at diverter exit is greater than the atmospheric pressure; b) for the rest of the gas production, subsonic condition prevails again at diverter exit.
The calculation procedure for the diverter submodel is based on a steady state numerical simulator developed at Louisiana State University and experimentally tested for 1-in., 2-in. and 6-in. diverter line. The model uses as input parameters the gas and mud mass flow rates that come from the riser to calculate the pressure drop inside the diverter line using the Duckler correlation6 for horizontal two-phase flow.
The two-phase critical flow is modelled by an equation presented by Wallis 7. Additional information about the LSU simulator can be found in References 1, 8 and 9.
CALCULATION PROCEDURE AND COMPUTER PROGRAM
The two submodels were coupled to produce a global algorithm for computing the flow variables at any point of the riser-diverter system. Basically, it follows the stepwise procedure described below:
1)
Define the mud/mixture interface position and determine the time step size by dividing the cell length by the gas velocity at mixture leading edge calculated in the previous time step. This approach avoids the use of a front tracking technique since the mixture leading edge always coincides with a cell boundary .
2) Guess a bottom riser pressure and set the boundary conditions at the BOP: the gas velocity is zero, the liquid velocity is given by the displacing flow rate and the liquid hold-up is equal to 1.
3) Use the riser submodel and solve the system of equations at every cell boundary from the bottom of the riser to the mixture leading edge. Calculate the pressure drops for the mud flowing in the remainder of the riser and diverter line. This calculation procedure applies only before the gas reaches the diverter line entrance. Thenceforth, another procedure is used: 1) Define a time step size and guess a bottom riser pressure.
2) Use the riser submodel to find the pressure at diverter line entrance.
3) Determine the flow conditions (sonic or subsonic) and the pressure at the diverter line exit. Then, calculate the diverter line entrance pressure using the diverter submodel. Table 1 presents the computer program input data used in the simulations. Two sets of initial conditions were investigated using the computer program. In the first set (Figures 4 to 8 ), a gas volume of 50 bbl for an initial gas concentration of 60 % and a non circulation situation were considered. In the other (Figures 9 to 13 ), the gas volume was 36 bbl for an initial gas concentration of 45 % and three circulation conditions were analyzed. Figure 4 shows the liquid volume in the riser as a function of time. It indicates that the mud volume stabilized at 770_ bbl. Since the initial liquid volume in the riser-drill pipe annulus was 1162 bbl, the gas has displaced 392 bbl of mud out of the riser and the mud level has fallen down to 1094 feet. Under these conditions, the net external pressure acting on the riser at that point would be 484 psi. Considering the usual collapse saf:ty factor of 1.125, the collapse resistance for a new pipe ( 22" OD x 21" ID ; X52) is 515 psi which is very close to the seawater external pressure.
RESULTS AND DISCUSSIONS
Figure 5 and 6 display respectively the pressures at the bottom of the riser and at the riser mid-point ( 1500 feet\.
Again, the external pressures at these two places are very close to the riser pipe collapse resistance. It should be noted that the net external pressures are very close for the three depth. The reason is the mud weight used in the simulations is equal to the seawater (8.5 ppg). Figure 7 shows the pressure at the diverter line entrance. The maximum pressure is about 50 psi which is a small value when compared with those found· in shallow gas blowouts. Figure 8 displays that sonic flow exists during a very short period and the pressure peak at the diverter line exit is very small (10 psi).
In Figure 9 , the mud volumes inside the riser are presented for three circulation conditions. The worst case is for a non-circulation situation. The greater the displacing liquid flow rate, the least severe the conditions for a riser pipe collapse. Figures 10 and 11 also confirm that the circulation is beneficial to the riser pipe integrity during a "riser blowout".
Figures 12 and 13 illustrate the effect of the liquid displacing flow rate on the diverter system components. The highest circulation rate has imposed the highest loads on the diverter. However, they are negligible when compared with the loads generated during a shallow gas blowout. In Figure 13 , it. can be seen that the critical flow occurs at diverter exit for the three situations. CONCLUSIONS l) In deepwater drilling, the BOP should be closed instead of allowing the gas to flow through the riser-diverter system. This procedure avoids riser collapse and possible diverter failure.
2) Simulation results have demonstrated that pressure loads on the diverter system are not of concern in spite of critical flow occurrence at diverter line exit.
3) In a non-circulation situation, riser collapse is possible. Simulation results have confirmed that the gas should be circulated out of the riser at the highest flow rate available. 4) Numerical simulations indicated that, when the gas approaches the surface, it does not slip through the mud any longer but it pushes the mud out of the riser diverter system. 
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FIG. 13 -EFFECT OF FLOWRATE ON THE DIVERTER EXIT PRESSURE
Verification for 6-in. Diameter. Table 2 is a comparison of the measured erosion rates in the larger pipe size with those predicted by Equation (1) . Note that the average en-or for these mns was 26%. These experimental data cover air and mist flow for the long, 1.5, curvature radius elbow. 
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Combination of the new and old data yields slightly different average values for specific erosion rate factors. These modified recommended values are given in Table 3 . A comparison of the observed and predicted values of erosion rate using these specific erosion rate factors are shown in Table 4 . Note that the average error for all of the data is about 40 %. The same value is obtained by using the values presented in Table 1 . However, the values recommended in table 3 yield better prediction for the larger diameters. Erosion Rate - ------------------------------------------------------------------------------~~~~-~ Table 4 Conclusions
--------------------------·------------------------------·-----------------------------
The study of multiphase flow trough dive1ters shows, in general, that the erosion rate for fluids containing abrasive solids:
(1) Increases exponentially with the fluid flow rate for a given sand rate.
(2) Increases linearly with sand flow rate for a given fluid flow rate.
Also, updated and extended specific erosion factors required to estimate erosion rates are presented in this work. 
